Introduction {#sec1-1}
============

Transcutaneous electrical nerve stimulation (TENS) is defined as an application of electrical stimulation to the skin so as to control pain \[[@ref1]\]. To alleviate pain perception, TENS employs a low voltage electrical current to the skin via surface electrodes. This stimulates afferent nerve fibers \[[@ref2]\]. The International Association for the Study of Pain (IASP) works on two types of TENS: high frequency TENS \[50-100 Hz, pulse per second (pps)\], with low intensity (paresthesia, non-painful), pulse duration (50-200 μs); and low frequency TENS (\<10 pps), with high intensity (to tolerance threshold), pulse duration (100-400 μs) \[[@ref3]\]. What makes TENS worthwhile is that this technique, while substantially relieving acute and chronic pain, is noninvasive, inexpensive, safe and easy to use. It has been used for more than 45 years \[[@ref1],[@ref4],[@ref5]\]. However, despite all these advantages, there has been very little research into the therapeutic effects of TENS on brain activity \[[@ref6]\]. Furthermore, although there is ample evidence to suggest that TENS has immense therapeutic benefit, its extra-segmental mechanisms have not so far been studied widely \[[@ref7],[@ref8]\].

In the past, electroencephalogram (EEG) was used to evaluate the analgesic effects and extra-segmental mechanisms of TENS \[[@ref6],[@ref7],[@ref9]-[@ref11]\]. But, although scholars have acknowledged low spatial resolution of EEG, it is shown to be a valuable tool because of having an excellent temporal resolution \[[@ref12]\]. Theoretically speaking, EEG is very useful for its sensitivity to millisecond changes in cortical activities. This feature of EEG is even superior to both positron emission tomography (PET) and functional magnetic resonance imaging (fMRI), making it a useful tool for examining primary activity as soon as ascending signals reach the cerebral cortex and the information is sent to surrounding areas \[[@ref13]\]. The EEG detects changes happening in the brain cortex areas concerned with receiving and processing nociperceptive inputs \[[@ref7]\]. This makes EEG a valuable and practical tool to evaluate cortical pain modulation in clinical contexts \[[@ref14]\].

In preceding studies, in order to investigate the impact of TENS on brain activities, scholars used a small number of electrodes (1-5 electrodes) for recording sensory \[[@ref6],[@ref7],[@ref9]-[@ref11]\] and motor \[[@ref9],[@ref16]\] cortex activities. Pain, as a submodality of somatic sensation has cognitive, affective and sensory characteristics \[[@ref18],[@ref19]\]. Hence, to assess pain thoroughly in a complex network in different regions of the brain, and to find the effects of TENS on pain relief; researchers should employ more electrodes, leading to a higher resolution and yielding more precise information about brain activities.

Furthermore, some previous studies investigated an extra-segmental mechanism of TENS in which noxious laser stimulation \[[@ref10],[@ref11]\] or short-term painful electrical stimulation \[[@ref9]\] was used so as to induce pain, trigger a phasic pain. However, this stimulation is so short that they make it impossible to simulate clinical pain. To study pain, induced tonic pain is recommended to be used to stimulate clinical pain \[[@ref20],[@ref21]\]. In the past, in order to assess the effects of TENS, most studies relied on the alterations made in the amplitude of sensory evoked potential, pain-related evoked potential, pain-related cortical magnetic fields \[[@ref9],[@ref11]\] or motor evoked potential \[[@ref16],[@ref22]\]. Among studies reviewed, just one surveyed the oscillation of brain waves and that study focused merely on EEG alpha band \[[@ref6]\].

Findings of previous studies have shown that induced pain causes noticeable changes in all kinds of brain waves \[[@ref23]-[@ref27]\]. Hence, for a thorough investigation of the mechanism of TENS on pain relief, it seems necessary to study other brain waves \[[@ref6]\], such as gamma band.

Gamma band is a kind of brain wave which consists of very rapid oscillations (\>30Hz). This rhythm suggests that the construction of a coherent concept, require the correlation among the input received from different cerebral areas. This reflects a mutual relationship between cortico-cortical and cortico-thalamo-cortical networks \[[@ref28]\]. Moreover, it has been found that gamma band has an important role in pain perception as well as pain processing \[[@ref29]-[@ref34]\]Regarding these findings, we hypothesized that high frequency TENS, as an analgesic modality, might change in the gamma band activity. Therefore, the aim of this study is to investigate the effect of high frequency TENS on the gamma band activity. To the best of our knowledge, this is the first study conducted to investigate the effects of high frequency TENS on the gamma band activity.

Material and Methods {#sec1-2}
====================

Participants {#sec2-1}
------------

Fifteen healthy right-handed volunteers (8 females, 7 males) participated in this interventional study. They were recruited after the related advertisements were placed on all university notice sections. The participants were included in this study if they were 18-25 years old, had never used TENS, had no history of relevant neurological or psychiatric diseases in the past or at present. In addition, they should not have taken medications affecting EEG recording \[[@ref35]\], and with no peripheral vascular abnormalities, hypertension and hypotension or peripheral neuropathies \[[@ref36]\]. Having screened out the volunteers, and in order to make them familiar with the aim of the study, they were asked to participate in certain meetings and were given some information about TENS and the ischemic pain induction procedure. All participants signed a written consent form and were informed that they could leave the experiment whenever they wished. Participants were asked not to consume caffeine 24 hours before the experimental session because it might hinder the effect of TENS \[[@ref37]\].

All experimental procedures were approved by the Ethics Committee (CT-9372-7272).

Procedures {#sec2-2}
----------

### Pain Induction Method {#sec2-2-1}

The submaximal-effort tourniquet test (SETT) has been used for the assessment of analgesic efficacy of drugs and electrotherapy in many studies \[[@ref38]-[@ref40]\]. The pain induced by SETT is deep, aching and constant in nature \[[@ref41]\]. In terms of severity and duration, this pain resembles the clinical pain \[[@ref42]\]. In the current study, the modified version of SETT was used. This has been employed in some other studies \[[@ref3],[@ref43]-[@ref44]\].

Before undertaking the experiment, the maximal grip force was determined by means of a dynamometer (SEAHAN®, Masan, Korea). Then, 75% of the maximal grip force was calculated and identified on the dynamometer scale. The ischemic pain was induced as follows: the participants were instructed to raise their arm vertically above head for 1 minute to desanguinate the limb. A 10-cm sphygmomanometer cuff, which was applied 5 cm below the elbow crease, was inflated to 170 mm Hg \[[@ref45]\] at a rate of 40 mmHg per second. After that, the arm was left in the horizontal position and was instructed to be placed on the side table. Subsequently, participants performed 15 hand gripping exercises \[[@ref21],[@ref46]\] at 75% maximal grip force for 1 minute (squeeze for 2 sec and release in 2 sec). These exercises caused steadily increasing ischemic pain in the forearm \[[@ref47]\]. Pain intensity was assessed 1 minute after the completion of the hand gripping exercises using a 0 to 100 mm Visual Analog Scale (VAS) anchored at no pain and worst imaginable pain. The SETT was performed on the non-dominant limb so that the participants could use the dominant one for making the pain level on VAS \[[@ref3]\]. At the end of the experiment, the cuff was vigilantly deflated for 40 seconds to resanguinate the limb. It is worth mentioning that after inducing the ischemic pain, the participants experienced no trauma in their arms \[[@ref3],[@ref43]\].

### EEG Recording {#sec2-2-2}

The EEG was recorded from 19 Ag/AgCl electrodes with an electrode cap (Neurowerk EEG-EMG system, Sigma, Germany), which were placed according to the 10-20 international system \[[@ref48]\]. The referential electrodes were connected bilaterally to two earlobes. The cut-off frequencies of the EEG amplifiers were set to 0.5 Hz and 100 Hz. A 50Hz notch filter was set to minimize electrical interference \[[@ref35]\]. EEG signals were digitized at the sampling rate of 256 HZ at all channels ( Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2) \[[@ref48]\]. The impedance of electrodes was monitored not to rise beyond10 KΩ \[6\].The recorded EEG data was analyzed off-line.

### TENS Intervention {#sec2-2-3}

A dual-channel TENS unit (Multi Stim735, Novin®, Iran) was used for pain relief. The stimuli were conveyed through two pairs of carbon rubber electrodes (5×5 cm^2^) with pads. In order to generate electrical paresthesia around the cuff, electrodes were put along the midline of the ventral and dorsal sides of forearm ([Figure 1](#JBPE-8-271-g001.tif){ref-type="fig"}).This position was reported to be effective in earlier SETT studies \[[@ref3]\]. A biphasic asymmetric rectangular wave form with a pulse duration of 150µs, frequency of 100 Hz and a continuous pulse pattern were used \[[@ref3]\]. Previous studies recommended that the intensity of TENS should be titrated to gain the possible strongest intensity to achieve maximum pain relief \[[@ref2]\]. Hence in this study, to induce strong but comfortable tingling sensation on the area under study, the current intensity was modified individually \[[@ref11]\].

![Position of transcutaneous electrical nerve stimulation (TENS) electrodes and sphygmomanometer cuff](JBPE-8-271-g001){#JBPE-8-271-g001.tif}

Data Collection {#sec2-3}
---------------

In the current study, the participants were in a half lying position to prevent the contraction of the muscles of head, face, neck and extremities. This will prevent muscle artifacts while recording EEG waves. In order to minimize the ambient noise interfering with EEG waves, the electrical and adjacent electronic circuits were turned off. To reduce the circadian effect on EEG waves, all participants were managed to test at the same time of the day (9-12 a.m.), and the room temperature was set between (22- 24°C)\[[@ref35]\]. The EEG were recorded while the subjects were relaxed, but wakeful and alert.

To perform the experiment, EEG electrodes were placed on the participant's heads in the order mentioned already. The EEG recording was performed for 2 minutes and considered as the baseline EEG. Then, as described above, by means of SETT, an ischemic pain was induced in the left forearm and hand. Afterwards, the participant marked his/her pain intensity on VAS. After-pain EEG was recorded for other 2 minutes. Later, the TENS current was applied for 20 minutes as described previously. Subsequently, the TENS unit was turned off and the participant marked his/her pain and intensity. After-TENS EEG was recorded for other 2 minutes. Then, the cuff was deflated for 40 seconds to resanguinate the limb. The study protocol is summarized in [Figure 2](#JBPE-8-271-g002.tif){ref-type="fig"}.

![Study Protocol](JBPE-8-271-g002){#JBPE-8-271-g002.tif}

EEG Processing {#sec2-4}
--------------

EEG signals were analyzed offline via a custom written Matlab^®^ Program, version R2014a (Mathworks Inc, Natick, MA, USA). First, the signals were evaluated by visual inspections. Then, if certain portions of the EEG record exhibited blink-related or muscle artifacts, they were removed via Matlab codes, and only artifact-free sections were subjected to analyze. The gamma band (30-50 Hz) total power (μV^2^) pooled from 19 channels were calculated at each recording condition (baseline, after- pain, after-TENS). This would indicate the EEG power at each recording condition precisely.

Statistical Analysis {#sec2-5}
--------------------

The processed data were statistically analyzed using IBM^®^ SPSS, version 23.0 (IBM Corp, Armonk, NY, USA). To verify the normal distribution of the data (gamma band EEG power and VAS values), Kolmogorov-Smirnov test was used. The repeated measure ANOVA and paired-sample T- tests were employed to compare gamma total power (baseline, after-pain, after-TENS) and pre-post VAS values, respectively with a significance level of 95% (p\< 0.05).

Results {#sec1-3}
=======

Fifteen healthy right-handed volunteers \[(8 females, 7 males), age: 21.13±0.38 years old, weight: 67±15.92 kg, height: 170.26±10.66 cm\] participated in this interventional study. The Kolmogorov-Smirnov test verified that the gamma total power and VAS values were normally distributed.

The EEG analysis showed an increase in gamma total power after inducing pain, as compared to baseline and a decrease after the application of TENS (.043±.029 to .088±.042 to .038±.022 μV^2^); all these differences were statistically significant \[F(2,28)=11.58, (p\<0.001)\] ([Figure 3](#JBPE-8-271-g003.tif){ref-type="fig"}).

![Significant repeated measure ANOVA between the sequential conditions (baseline, after-pain, after-TENS) on the gamma total power](JBPE-8-271-g003){#JBPE-8-271-g003.tif}

VAS values analysis demonstrated that the intensity of induced pain (mean±SD: 51.53±9.86) decreased after the application of TENS (mean±SD: 18.66±10.28) and this decrease was also statistically significant (p\<0.001).

Discussion {#sec1-4}
==========

The current study aimed to investigate the effect of high-frequency TENS on gamma band activity following tonic pain induced in healthy volunteers.

Alteration of Gamma Band Activity {#sec4-2}
---------------------------------

In this study, the EEG analysis revealed significant enhancement of gamma total power after inducing pain as compared to baseline. The observed increase in gamma total power after induced pain in current study, might be an indicator of the critical role of gamma wave in pain perception and processing.

This finding is in agreement with the results of preceding studies, indicating that the enhancement of gamma oscillations might be due to the cortical representation of tonic painful stimulus processing. Scholars suggested that the enhanced gamma oscillations could be interpreted as the bottom-up activation of cortical networks, yielding a subjective perception of pain \[[@ref50]-[@ref51]\]. It is noticed that the broadly distributed gamma oscillations represent both the synchronization existing among cortical areas that are entangled in tonic painful stimulus processing \[[@ref52]-[@ref54]\] and the activity of certain neural assemblies in a large web of neural networks \[[@ref55]-[@ref56]\]. Moreover, other studies reported an increase in gamma band activity in response to both painful electrical and painful laser stimuli \[[@ref32],[@ref57]-[@ref60]\].

Therefore, it has been hypothesized that gamma oscillations would play a crucial role in cortical integration, as well as in pain perception and processing \[[@ref29]-[@ref34]\].

On the other hand, recent research has reported that gamma band power responses are triggered because of the attentional modulation of pain processing \[[@ref59]\]. In other words, paying attention to pain leads to an increase in gamma band power \[[@ref61]\]. Thus the findings of the current study can be due to a greater attention paid to the painful processes during the SETT and induced tonic pain. This demonstrates that during the experiment, the participants were aware of the painful processes.

Moreover, this study has shown that the gamma total power has decreased after the application of TENS. Yet, as we found no other studies investigating this issue, we are not able to compare our findings, accordingly. However, some studies demonstrated that gamma band oscillations could selectively encode the subjective perception of tonic pain \[[@ref62]\]. The magnitude of these oscillations has been reported to decrease during hypnotic analgesia and transcranial direct current stimulation (tDCS) \[[@ref63]\]. This finding suggests that certain non-pharmacological treatment, such as hypnosis, might exert analgesic effects by decreasing attentional processes or interrupting within-brain integration. This may lead to a sort of dissociation among brain systems or structures which are essential for the experience of pain \[[@ref63]\]. Given this, the reduction of gamma total power after applying TENS (as a non- pharmacological treatment) in this study might be due to the analgesic effects of TENS.

Alteration of Pain Intensity {#sec4-3}
----------------------------

The findings of this study demonstrated that SETT gives a rise to tonic pain whose intensity is reduced remarkably (32.87mm on VAS) after the application of TENS. In clinical settings, a reduction of 20 mm on VAS is considered meaningful \[[@ref64]-[@ref65]\].

This finding is consistent with those of some other studies that have shown a link between the application of high frequency TENS and the reduction of induced ischemic pain in healthy volunteers \[[@ref3],[@ref43]\]. These studies have suggested that using high frequency TENS boosts impulse rates which, in turn, convey a stronger input to central nervous system. This will restrain the nociceptive transmission of second-order neurons to the brain based on the gate control theory of pain.

Moreover, studies carried out on animals exhibited that high-frequency TENS acted on delta (δ)-opioid receptors, increasing the extracellular gamma-aminobutyric acid (GABA) concentration as well as reducing the glutamate and aspartate concentrations in the dorsal horn of the spinal cord \[[@ref66]-[@ref67]\]. Another study performed on human demonstrated that high dose naloxone could block the analgesic effects high-frequency TENS. This indicated that the analgesic effects of this kind of TENS involved endogenous opioids \[[@ref68]\].

In addition to these findings, De Santana and Sluka \[[@ref69]\] have exhibited the role of periaqueductal gray (PAG) in TENS induced analgesia. They hold that this is most probably because of the projections which were sent by the ventrolateral PAG to the spinal cord via rostroventral medulla (RVM) \[[@ref70]\].

In this study, the pain was induced in healthy subjects who had no pain history. Therefore, the results might have been different in the subjects who have had real pain. It is recommended that future studies address the patients who have real pain. Moreover, since pain can alter all brain waves, it is suggested that the future studies evaluate the effect of TENS as an analgesic modality on other brain waves.

Conclusion {#sec1-5}
==========

To the best of our knowledge, this is the first study is conducted to investigate the effect of high frequency TENS on the gamma band activity. The results of this study demonstrated that the high frequency TENS could reduce the enhanced gamma band activity after inducing tonic pain in healthy volunteers. This finding might help as a functional brain biomarker which could be used for pain treatment more specifically for EEG-based neurofeedback approaches.
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